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3742 LUDWIG K. THOMAS 
x-point wavelength may be considered to be the charac-
teristic wavelength for the change from low emissivity 
values in the infrared to high values in the visible 
range. Coming from long wavelengths it is very likely 
that this increase of emissivity is caused by the start 
of interband transitions and that the corresponding 
energy is related to energy differences between the 
Fermi surface and peaks in the density-of-state curve 
for d and s electrons in these alloys. If one assumes the 
same band structure for the various compositions 
("rigid band model"), then alloying only means a 
shift of the Fermi surface from the Ta and Nb value to 
the Mo and W value. The energy of the wavelength of 
the x-point is very close to the energy difference between 
the Fermi-surface and the next lower peak in the 
density-of-state curve, if one uses the calculations and 
measurements which are available22 •27 ,28 (see Table I). 
The measurements of the present investigation there-
fore support the rigid band model and suggest that 
the main optical transitions in the wavelength range 
around 1 J.tm occur between the Fermi surface and the 
next lower peak in the density-of-state curve. 
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Present computers have neither enough memory capacity nor computation speed to completely simulate 
the sputtering process. The conclusions reported here were obtained with purely repulsive potential functions. 
Surface binding energies were included artificially. The simulations produce excellent spot patterns, but 
only approximately correct sputtering ratios. The Ar+ -Cu system has been studied in detail and a few trials 
have been made on the XeLCu system. The three Gibson potentials and the Anderson-Sigmund potential 
were used for the Cu-Cu interaction. Changing these functions produces quantitatively, but not 
qualitatively, different results; so a majority of the investigation was conducted with the Gibson II potential. 
The Ar-Cu and Xe-Cu potentials were those obtained locally from secondary electron emission studies. 
Variation of parameters in these functions had little effect on the spot patterns. Sputtering ratios change 
appreciably as the parameters of the potentials are varied, but the unexplained systematic difference 
between simulation and experiment cannot be removed by parametric variation within a Born-Mayer 
potential function model. The simulations indicate that sputtering is caused by two mechanisms: (a) In 
the more common situation the incoming ion strikes two lattice atoms almost simultaneously. The lower 
energy of these two primary knock-on atoms then initiates the sputtering of several of its neighbors. The 
higher-energy primary knock-on may also cause some sputtering, but it usually is less efficient because a 
large fraction of its momentum is directed into the surface. (2) In a relatively small number of events 
the ion, after having made one or more collisions, is reflected from the second or third layer of the crystal. 
It then can initiate sputtering as it returns toward the surface. The second mechanism has never been seen 
when the ion is heavier than the lattice atoms. Primary knock-on ions rarely sputter. Occasionally (after 
making several collisions) one escapes accidently. Almost every incident ion sputters at least one atom, 
even those which enter a (110) channel. Ions which hit the end of a (110) chain with zero impact parameter, 
or ions which penetrate normally into the absolute center of the trigonal lens of the (111) surface or the 
square lens of the (100) surface do not cause sputtering. Surface dynamics dominate the sputtering process. 
The probability of focuson sputtering appears to be vanishingly small. The relationships between the surface 
dynamics, transparency, and channeling models are discussed. 
I. INTRODUCTION 
Sputtering, the erosion of a surface by ion bombard-
ment, has been studied both experimentally and 
theoretically for many years. This is a report of our 
first attempts to simulate sputtering in a digital com-
puter. The simulations were only partially successful, 
but even these preliminary results give a picture of the 
* This work was supported by the Office of Naval Research. 
t Deceased. 
t Portions of this work were submitted in partial fulfillment of 
the requirements for the degree of Master of Science. 
sputtering process which is quite different from any of 
the current theoretical models,l-6 
We have already announced7 that the simulations do 
1 F. Keywell, Phys. Rev. 97, 1611 (1955). 
2 D. E. Harrison, Jr., Phys. Rev. 102, 1473 (1956). 
3 J. M. Fluit, P. K. Rol, and J. Kistemaker, J. App!. Phys. 34, 
690 (1963); J. M. Fluit and P. K. Rol, Physica 30,857 (1964). 
4 G. D. Magnuson and C. E. Carlston, J. Appl. Phys. 34, 3267 
(1963). Hereafter, MC. 
6 D. D. Odintsov, Fiz. Tverd. Tela 5,1114 (1963) [SOy. Phys.-
Solid State 5, 813 (1963)]. 
6 D. Onderdelinden, App!. Phys. Letters 8, 189 (1966). 
7 D. E. Harrison, Jr., J. P. Johnson III, and N. S. Levy, Appl. 
Phys. Letters 8, 33 (1966). 
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not support a foeuson model of sputtering,8.9 which 
model has also been questioned by Lehmann and 
SigmundlO for quite different reasons. 
Computer simulation of physical processes is still in 
a very primitive state because the available memory 
space of existing computers severely limits the sophisti-
cation of the models. In the computer, we cannot expect 
to deal with subtle problems, but past investigations 
have been quite successful in identifying the mechanisms 
which occur when particles interact with crystals. This 
report is primarily concerned with the actual mecha-
nisms which cause sputtering in the computer simu-
lation. They differ significantly from any mechanisms 
previously considered, but the resultant visualization 
of the sputtering process is at least as credible as any 
of the older models. 
II. THE MODEL 
The first investigators to use computer simulation as 
a means of studying radiation damagell gave a very 
detailed description of the simulation method. We shall 
presume that the reader is familiar with their work and 
shall concentrate on the difference between their 
methods and our own. 
Like GGMV, we used only the ion-core repulsive 
portion of the interatomic potential function in our 
simulations. This simplification is much more stringent 
in our investigation, but fortunately the assumption can 
be justified by a time-scale argument. 
A. Time Scale Argument 
If the natural time scale for a crystal is based upon its 
Debye temperature through the relation 
T= 27r/w = 27rfl/kfJ, 
where () is the Debye temperature (()=315°K for copper) 
we find that T= 10-13 sec is a convenient unit. Recent 
calculationsl2 indicate that this is a reasonable choice 
in terms of the entire vibrational spectrum. A single 
collision for an ion in the keV energy range is complete 
in a time of the order of 10-15 sec. We allowed our simu-
lations to run to ,,-,10-13 sec so that the sputtered atoms 
could be readily identified, but the significant collisions 
were all completed before 10-14 sec had elapsed. 
This simplification was forced upon us because pre-
liminary tests with a complete potential function led to 
prohibitively long computer running times in our CDC 
1604. Dynamically these test cases do not differ signifi-
cantly from the purely repulsive potential runs, so we 
feel justified in reporting the repulsive potential results. 
To simplify energy bookkeeping during the simulation 
8 R. H. Silsbee, J. Appl. Phys. 28, 1246 (1957). 
9 G. Leibfried, J. Appl. Phys. 30,1388 (1959). 
10 C. Lehmann and P. Sigmund, Phys. Status Solidi 16, 507 
(1966) . 
11 J. B. Gibson, A. N. Goland, M. Milgram, and G. H. Vineyard, 
Phys. Rev. 120, 1229 (1960). Hereafter, GGMV. 
12 G. Gilat and L. J. Raubenheimer, Phys. Rev. 144,390 (1966). 
runs and to provide a more stable lattice, we eroded our 
potential functions so that they vanished at the mean 
lattice atom separation, ro=2.556 X in copper. At this 
separation, the Gibson II potentialll is less than 0.1 eV, 
so we have made very little change in the magnitude of 
the interaction. At the center of a (110) channel in 
copper, r= 1.356 X, the interaction potential is "-'23 eV. 
We must remember that the zero of potential is 
essentially arbitrary, so that the erosion of potential 
functions has no effect so long as forces are correctly 
computed whenever atoms are displaced. In this model 
any atom displaced from its normal lattice site or any 
external atom introduced into the system, will always 
be subjected to an unbalanced force. 
B. Method of Integration 
An earlier paper by Gay and Harrisonl3 discussed our 
numerical integration method in detail. We use an 
average force (AF) method in which the position and 
velocity are determined at the same instant of system 
time rather than the central difference (CD) method, 
where X=X(t) while V=V(t+f:.tj2). Extensive tests 
have shown that the AF method gives increased accuracy 
of energy conservation without increasing the computer 
operating time for a particular run. 
C. Tum-on Problem 
Any model which used finite range forces is subject to 
relatively large energy fluctuations during the time step 
in which two colliding atoms first come into contact. 
These fluctuations can be minimized if the numerical 
integration scheme of the contact timestep is suitably 
constructed. Two criteria must be met: the mutual 
potential energy must be correct for the final separation 
at the end of the timestep, and the particle kinetic 
energies must be adjusted so that the total energy of the 
system is not changed by the contact. The kinetic 
energy adjustment is accomplised by defining a linear 
approximation to the correct force 
Fapprox = - {[ip(r) -ip(ro) J/[ro-r J} fo, 
where r is the final separation and ro is the cutoff radius. 
The net effect of our attention to computational 
accuracy is a program in which the total energy deviates 
less than 1 % from the energy of the incident ion. In 
many cases when the ion energy is greater than 5 keV 
the energy checks to 0.1 %. 
D. Units 
Within the program all distances are measured in 
lattice units. One LU =!ao, where ao is the cubic lattice 
constant. For copper ao=3.6150 X. All energies are 
expressed in eV. All other quantities are expressed in 
mks units. 
13 W. L. Gay and D. E. Harrison, Jr., Phys. Rev. 135, A1780 
(1964) . 









FIG. 1. The complete sets of impact points for each representative area are .shown in (a): The sets of impact points from which 
, the complete sets are generated by reflectlOn and rotation appear III (b). 
III. POTENTIAL FUNCTIONS 
The results reported here are startlingly insensitive to 
the potential function. Wide variation of parameters has 
little effect upon the spot patterns, shape of the sputter-
ing ratio curves, or energy distributions of the sputtered 
atoms. Although all three of the Gibson potentlab were 
examined in some detail, the copper results reported 
here were obtained with the Gibson II potential 
function. 
The argon-copper interaction potential is based upon 
one reported by Harrison, and 
For use in the computer these functIOns are convemently 
written in the form: VCr) - Br). B values were 
tested in the range 7.5'5:.B'5:.7.7; the sputtering ratio 
was found to have a minimum near B = 7.597, the value 
reported in the secondary electron emission studies. 
A values were tested in the range 11.4'5:. A '5:.14.0. The 
value A = 12.56 was finally chosen because it maximize 
the sputtering ratio. The secondary electron 
studies14 produced A = 11.44, but the value used III 
paper is within the fitting uncertainty of the earlier 
value. 
We also made a few trial xenon-copper runs with an 
unpublished Xe-Cu potential obtained in the same way 
from secondary-electron data15 (A = 12.933, B= 11.88); 
and other trials on the Ar-Zn system with the Ar-Cu 
potential. None of the test cases were sensitive to 
variations of the potential parameters. 
IV. MICROCRYSTALLITES 
All the copper events were run in one of three micro-
crystallites: (1) The (100) sample contains 135 atoms 
and is 5 LU by 8 LU on the bombardment face, (2) The 
(110) sample contains 150 atoms and is 6.36 LU by 
9 LU on the bombardment face, and (3) The (111) 
14 D. E. Harrison, C. E. Carlston, and G. D. Magnuson, Phys. 
Rev. 139, A737 (1965). 
16 C. E. Carlston, G. D. Magnuson, P. Mahadevan, and D. E. 
Harrison, Jr., Phys. Rev. 139, A729 (1965). 
sample contains 150 atoms and is 5 LU by 6.36 LU on 
the bombardment face. 
The (100) sample is 6 atomic layers thick, the other 
two are 5 layers thick. These thicknesses were obtained 
by starting with a much thicker microcrystallite, and 
removing one layer at a time from the back surface 
until differences could be detected in the sputtering 
ratio. We have never seen any event which occurred below 
the fourth layer have any influence upon the sputtering 
ratio. This conclusion applied only for normal ion 
incidence; we have not examined oblique incidence. 
Only a small number of atoms ever leave the back 
surface of a microcrystallite. These usually can be 
identified as either focusons or channeled atoms. 
These microcrystallites contained nearly all energetic 
colli sons for ion energies up to 7 keY, where the potential 
functions become unreliable. The handling of question-
able cases, where containment may not be perfect, is 
discussed below. 
Runs to 40 keY were made on the (111) micro-
crvstallite. Even at this energy, the majority of high-
events were well-contained. 
The representative areas13 of the microcrystallites are 
shown in Fig. 1. The complete set of impact points 
shown in Fig. 1 (a) can be obtained by rotation and 
reflection from the reduced sets shown in Fig. 1 (b). This 
simplification, which greatly reduces the computer 
running time, is only possible when the ion is normally 
incident. We also made test runs with a set of impact 
points which contained no points on the boundaries of 
the representative area. The spot patterns were indistin-
guisable from those reported here, and the sputtering 
ratios differed by about 5%. We concluded that our 
results are insensitive to the choice of impact points. 
The perfect planar surface microcrystallites just 
described, which we call regular surfaces, are the basis 
for two other types of surfaces. In one target atom, the 
atom on which the representative area is centered, is 
removed. We refer to this configuration as the vacancy 
surface condition. For another series of runs an addi-
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tional atom was placed on top of the perfect surface in 
the normal lattice position A, as indicated on Fig. l(a). 
This was the stub condition. Most of the results re-
ported below were obtained by combining results from 
the three types of surfaces with equal weights. We 
found that the sputtering ratio always goes in the 
decreasing order: vacancy, regular, stub; but that other-
wise most results are insensitive to the type of surface 
used. 
We also made a few runs with additional atoms 
placed randomly on the surface in lattice sites. These 
additional atoms almost always were sputtered for im-
pact at any point and with any energy. 
V. ONE RUN 
Certain properties of the program and results are best 
considered in the framework of a specific run. Each run 
is begun by constructing a microcrystallite, fixing a 
surface condition, stub, vacancy, or regular, and placing 
the moving ion at the point on its trajectory where it is 
just tangent to the first atom which it will strike. This 
final step has led to another major improvement in the 
energy conservation of the entire system because the 
system now always starts with the same initial con-
ditions, so that the turn-on problem can be handled 
systematically. 
Twenty-five timesteps later (for a 1 keY ion this is 
about 9 X 10-15 sec) ten of the lattice atoms are in 
motion. At 50 timesteps (about 2XI0-14 sec) 21 atoms 
have at least 0.25 eV of energy. At 100 timesteps 
(about 6XIO-14 sec) this has grown to 33 atoms with 
0.25 eV. At this point all the major interactions are 
complete, but this particular run was allowed to continue 
to 150 timesteps (5XIo-13 sec) to facilitate the identi-
fication of the sputtered atoms. At this time the total 
potential energy of the system is less than 10-5 eV. Our 
usual criterion for stopping a run is that the most 
energetic atom still within the original boundaries of the 
microcrystallite has an energy less than 0.1 eV. During 
the run the timestep length has increased from about 
3X10-16 sec to lXlo-14 sec. The timestep length is 
recomputed each timestep and is always based on the 
most energetic particle still within the original volume. 
Every 25 timesteps each atom is checked to determine 
whether it is still within the initial crystal volume. Some 
atoms leave as early at timestep 75, but these usually 
exit through the back, top, bottom, or sides. Examina-
tion of their state of motion at the time they exit 
indicates that they have large velocity components 
directed into the crystal. Back-surface atoms are 
ignored, but all others are checked to see if they have a 
forward (-y) velocity component. Most of these exit 
through the front surface and are immediately counted. 
The small number which exit through the sides are 
individually examined to see whether they will ulti-
mately escape themselves, or whether they have enough 
energy to eject some other atom. For questionable cases 
the impact point is displaced by a lattice repeat 
distance to another representative area to that the 
motion of that atom can be followed through one or 
more additional collisions. At shut down, atoms still 
within the crystal which have a significant - y velocity 
component are examined to determine whether they can 
escape. Atoms from the edge of the first plane are 
particularly difficult to assign, and must be considered 
individually. Any atom which satisfactorily meets one 
of the front-surface-exit criteria is classified as a sput. 
For each sput, the computer makes a card containing 
the atom number, its velocity components, and various 
other useful information. Sput cards are also made for 
questionable cases, so that they can be considered 
individually. 
A special program has been written which produces 
time-developing graphs of the atom locations, which 
appear as tracks for the individual atoms. Not all runs 
use the track option, but we have studied many runs in 
detail. The track option has enabled us to identify the 
mechanisms which cause sputtering. 
VI. ANALYSIS OF SPUTS 
The total omission of binding forces is a basic 
deficiency in our simulation. Early in this investigation 
we developed various modifications of the basic program 
which introduced binding forces. It rapidly became 
apparent, when runs of the same configuration were 
repeated with various values of the binding energy, that 
the binding energy was not affecting the dynamics of the 
interactions. The binding energy only provided a filter 
which shut off more and more sputs as it was increased. 
For this reason, we adopted the current system in which 
a sput card is prepared for every atom which has any 
possibility of sputtering. The analysis and simulation 
of sputtering are then reduced to various techniques 
developed to manipulate the sput cards. 
A. Rotation and Reflection 
Because of the symmetry of the representative area, 
each sput card corresponds to several possible sputtered 
atoms. To see this, consider the points A and B in the 
(111) surface shown in Fig. l(b). We found that the 
sputs produced by impact at point B were identical to 
those produced by impact at point A, except that in each 
case the x component of velocity had the opposite sign. 
Thus, given the sput data from an A impact point run 
we can produce the B data by making the appropriate 
sign changes. In the (111) orientation a single sput 
card gives us the basic data for six potentially sputtered 
atoms. In the testing procedures described below each 
of these six possibilities is separately tested. A single 
sput card may contribute anywhere from 0-6 spots in a 
spot-pattern analysis or individual atoms in one of the 
other analyses. In the remainder of this report we will 
not specifically refer to this rotation and reflection 
method of data manipulation, but it always:was in-
cluded, Several hundred hours of computer time, which 
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c c 
models, if an atom is to be included, the velocity com-
ponent perpendicular to the surface was adjusted so 
that both Ell and the total energy were reduced by an 
amount equal to the binding energy. 
2. Rounded Step Function 
We made some trials with the probability-of-emission 
c function defined by P(Ep) =0, 
c c 
FIG. 2. Argon-copper sputtering (111) surface. This is a photo-
graph of a sputtering spot pattern as drawn by the computer. The 
binding energy was 3 eV, the bombardment energy 3 keY. Note 
the scale in the figure. 
otherwise would have been required to generate sput 
cards, were saved in this way. 
B. Binding-Energy Analysis 
A sput card was generated for every atom which met 
the surface-exit criteria if its energy exceeded 0.01 eV. 
Surface-binding mechanisms are fairly well understood, 
but it is still impractical to attempt to calculate the 
probability that a given surface atom in a particular 
surface configuration will escape if it acquires a specific 
energy. Our problem is even more complicated, because 
in a sputtering event a large number of surface atoms 
are simultaneously in motion. For this reason we con-
sidered three artificial probabilities of separation. 
In this work it is convenient to use the idea of the 
energy associated with the velocity component perpen-
dicular to the surface. We shall refer to this quantity, 
Ep=tmvi, as the perpendicular energy. All our analysis 
is based on the assumption that Ep controls the separa-
tion process. There are two reasons for this viewpoint. 
If a separating atom has E»Ep , it is skimming along 
the surface of the crystal and has a high probability of 
recapture by collision with a surface irregularity. The 
recapture process would probably produce one or more 
additional sputs, but an analysis to this level of 
sophistication is well beyond our present level of 
machine capability. Also, although they might contrib-
ute to the sputtering ratio, these skimming atoms would 
never appear in the spot pattern on a collector plate. 
For these reasons, we made the decision to include a 
sput, or not, on the basis of its Ep value instead of its 
total energy. 
1. Step Function 
Our first model used a simple step-function probability 
of separation. If the Ep value for the sput exceeded E B , 
the binding energy, the atom was included. In all three 
When Ep> EB a random number R, selected from a 
uniform distribution with 1, was generated and 
compared to P(Ep). When R>exp[ - (Ep-EB)/EB] 
the sput was counted. 
3. Exponential 
Most of our studies were made with P(Ep) = 
1-exp( - Ep/ EB). Here the random number R was 
tested, R> exp( - Ep/ E B), for all values of Ep; so there 
was a small probability of emission for sputs with 
Ep<EB. 
The spot patterns obtained from all three models 
were essentially equivalent, there was no detectable 
difference in their binding energy dependence, and all 
three sputtered-atom energy-distribution functions 
were well within available experimental limits. Intui-
tively, the exponential probability function seemed 
most reasonable, so it was used in the majority of the 
computations. 
c. The Spot Patterns 
Once it has been established that an atom is to be 
counted, it is included as a point on the spot pattern. 
FIG. 3. Argon-copper sputtering (111) surface. This is the same 
computer output as shown in Fig. 2, but the camera was defocused 
to convert the point plot into a density plot which can be compared 
to experimental spot patterns.IS B()mbarclment energy: 3.0 keY, 
binding energy: 3.00 eV. 
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The point is located by defining x=vx/-Vy and z= 
1'x/-Vy. The point (x, z) is equivalent to the point of 
impact of a sputtered atom upon a plane collector 
placed in front of a target surface. Distances on our 
"pot patterns are measured in multiples of the target 
to collector distance. Thus, when r = (X2+ z2)1/2 = 1.0, our 
point is the same distance from the origin as the collector 
is from the target in a comparable experiment. Figure 2, 
which is an actual photograph of the computer output 
for a (111) simulation, shows the plots of about 2000 
sputs. In particular, note the trigonal symmetry with 
three strong spots, and the dark central spot. The same 
symmetry is present when each sput is used only once, so 
the symmetry does not depend upon the rotation and 
reflection process. This pattern contains sputs from the 
regular, stub, and vacancy runs at 3.0 keY. It does not 
differ significantly from the pattern obtained with only 
regular surface sputs, but it is built up from approxi-
mately three times the number of regular surface sputs, 
which makes it much darker and easier to photograph. 
The point plots show only point patterns and there-
fore do not accurately simulate experimental patterns 
which are area density patterns. The point plots have 
been converted to smooth area density patterns by 
photographing the point plot with the camera de-
focused such that no single point is distinguishable, but 
high- and low-density areas are well defined. Developing 
and printing were controlled to bring out the high-
density areas while maintaining the haze background. 
In spite of extreme care, intensity was occasionally lost 
in some spot regions. The process must be adjusted to 
optimize the contrast in each pattern because the total 
number of sputs, and hence the density, fluctuates quite 
widely over the patterns we have examined. Figure 3 is 
the result when the process is applied to Fig. 2. 
FIG. 4. Argon-copper sputtering (111) surface. This (111) 
pattern was obtained from the same set of sput cards as Figs. 2 
and 3, but the analysis was done with an unrealistically small 
binding energy of 1.5 eV. Bombardment energy: 3.0 keY. 
FIG. 5. Argon-copper sputtering (111) surface. This is the same 
set of sput cards, but now analyzed with a 2.5 eV binding energy. 
The agreement with experiment is much improved, but still not so 
good as the 3 eV pattern. Bombardment energy: 3.0 keY. 
Crystallographic nomenclature is used generically in 
the discussion of spots. Reference to an (hkl) spot does 
not imply (hkl) ejection. The (hkl) directions are with 
respect to a right-handed coordinate system in which 
the crystal is described. The (hkl) surface is contained 
in the x-z plane; the +y direction is into the crystal. All 
the deposit patterns shown are superpositions of those 
obtained by sputtering the crystal separately with 
regular, vacancy, and stub surface conditions. 
1. The (111) Surface 
The (111) surface was sputtered normally with argon 
at 1-5, 7, 10, 20, and 40 keY. (Although the potential 
function is considered valid only for ion energie" less 
than about 7 keY, the higher-energy runs were used to 
search for additional sputtering mechanisms.) 
The pattern features vary slowly with the binding 
energy, provided its value is restricted to the range 
2.50-3.50 eV. The upper limit is the sublimation energy 
for copper,16 above it the pattern appears to deteriorate. 
The best example of this occurred at a 3 keY bombard-
ment energy. A set of patterns at this bombardment 
energy is shown in Figs. 3-6 for a binding energy range 
of 1.50-4.00 eV. The pattern variation is most evident 
in the region of the (111) central spot. Figures 3 and 6 
show the transition from a well-defined central spot at 
3.00 eV to complete deterioration of the central spot at 
4.00 eV. 
With binding energies at 3.00 and 3.50 eV the (110) 
spots center almost perfectly on the projection of the 
(110) direction. At these binding energies the half-
intensity width of the (110) spots is estimated from 
pattern data and from numerical data to be less than 
11 deg. 
16 D. E. Harrison, Jr., and G. D. Magunson, Phys. Rev. 122, 
1421 (19611. 
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FLG.6. Argon-copper sputterinl:!; (111) surface. This is the same 
set of sput cards, analyzed with a 4.0 eV binding energy. Note 
that the pattern has deteriorated badly from the 3 eV pattern, and 
now is quite unphysical. Both 3.0 and 3.5 eV binding energies give 
good agreement with the experimental pattern. Bombardment 
energy: 3.0 keY. 
All (111) simulation deposit patterns showed the 
characteristic features of three (110) spots. The 3 keY 
pattern definitely showed the presence of three addi-
tional spots located in the regions where streaking 
occurred at other energies. This pattern is shown in 
Fig. 7. The appearance of a hexagonal pattern at 2 keY 
was a surprising result, but it is not a unique occurrence 
FIG. 7. Argon-copper sputtering (111) surface. This 2 keY 
(111) pattern was somewhat distorted in the photographic 
smearing process, but the computer output is much more nearly 
hexagonal than trigonal. Hexagonal patterns have been found 
experimentally.!' Binding energy: 3.00 eV. 
in sputtering studies. Anderson and Wehner17 found a 
hexagonal pattern for (111) copper sputtered by mer-
cury. The expected trigonal pattern was found for 
energies up to 400 eV, a hexagonal pattern appeared at 
400 e V and disappeared as the ion energy increased. 
Robinson and Southern18 have discussed additional 
spots near (114) positions for (111) gold sputtered with 
4 keY argon, but we cannot concur with their analysis 
of the mechanism by which the atoms reach this region. 
In particular, the sputs in this region are part of the 
high-energy group, which we shall discuss later, and 
thus are similar to the sputs found in the (110) spots. 
Furthermore, these sputs were all found to be surface 
layer atoms for all bombardment energies less than S.O 
keY. 
FLG. 8. Argon-copper sputtering (111) surface. This 10 keY 
(111) pattern is contracted, i.e., the spots are much closer to the 
normal than the lower-energy patterns. Contraction of this type 
occurs in all patterns from bombardment energies greater than 
10 keY. Bombardment energy: 10 keY, binding energy: 3.50 eV. 
Figure 8 is a 10 keY pattern. The patterns at 20 and 
40 keY are similar, but are too light to reproduce 
properly. The "wings" in Fig. 8 are no longer centered 
on (110). If we estimate position on the basis of the 
relative size of the wings and the spots, the contraction 
of this pattern is reminiscent of the contraction of the 
(100) patterns19 at 50 keY. These patterns are less 
reliable than those obtained at lower energies, because 
our potential functions are not valid for high energies 
and small impact parameters, but most of our impact 
points involve sufficiently large impact parameters for 
the potential functions to be valid. Perhaps 10% of the 
sputs used to produce this pattern may be significantly 
displaced, so qualitative application of the simulation 
a t high energies seems well justified. 
17 G. S. Anderson K. Wehner, J. Appl. Phys. 31,2305 
(1960). 
18 M. T. Robinson and A. L. Southern, J. Appl. Phys. 38, 2969 
(1967) . 
19 Yurasova, N. V. Pleshivtsev, and 1. V. Orfanov, Zh. 
Eksp. Teor. Fiz. 37, 966 (1959) [SOy. Phys.-JETP 37, (10) 
689 (1960)]. 
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2. The (100) Surface 
The (100) surface was sputtered normally with 1,3, 
5, and 7 keY argon. The characteristic features of (100) 
sputtering deposit patterns are four (110) spots and a 
central (100) spot. The patterns are usually outlined by 
a hypocycloid-shaped haze; the (110) spots form the 
cusps of the hypocycloid. Simulation patterns were 
found to show these characteristic features quite well 
for 3 and 5 keY sputtering. The 3 keY pattern Fig. 9 
is quite similar to one at 2.5 keY reported by Southern, 
Willis, and Robinson.2o The (110) spot distances from 
the pattern center were found to be 1.0 TC unit which 
corresponds exactly to the 2.5 keY experimental 
pattern. It was further determined from numerical 
density data that the (110) spots were actually ellip-
tical rather than circular. This latter characteristic is 
undoubtedly the result of distortion inherent in flat 
plate collection of sputtered atoms.18•20 The 3 keY 
pattern was found to remain essentially unchanged as 
the binding energy was varied from 2.50 to 3.50 eV. 
The 5 keY pattern was almost identical to the one at 
3 keY when a binding energy near 2.00 eV was used. As 
the binding energy was increased, the (110) spots 
became less well defined and spots corresponding to 
(210) became the most prominent feature. The intensi-
fication of the (210) regions was accompanied by a loss 
in definition of the hypocycloid outline. Similar results 
were obtained when sputtering at 7 keY. The hypo-
cycloid outline in the pattern could only be observed for 
a binding energy near 1.50 eV. 
FIG. 9. Argon-copper sputtering (100) surface. This (100) 
pattern at 3 keY photographed very poorly because there are less 
than half as many sputs and they are spread over a much larger 
area. The outermost spots center at 1 TC unit from the origin, 
which agrees with experiment, and the cusp-shaped haze con-
necting these spots is readily apparent in the actual computer 
output. Bombardment energy: 3.0 keY, binding energy: 3.00 eV. 
20 A. L. Southern, W. R. Willis, and M. T. Robinson, J. App!. 
Phys.34, 153 (1963). Hereafter, SRW. 
FIG. 10. Argon-copper sputtering (110) surface. The available 
number of sputs in this (110) pattern was also very small, so it 
does not photograph well. Experimental patterns from this 
orientation also photograph poorly, but the roughly elliptical 
shape is consistent with experiment. Bombardment energy: 5.0 
keY, binding energy: 3.50 eV. 
The deposit pattern for 1 keY sputtering showed very 
little similarity to those obtained from higher-energy 
sputtering. Four spots corresponding to . (211) were 
observed; four (110) spots may also be defined, but they 
are extremely diffuse. 
The different (100) pattern features which appeared 
with varying ion energies and binding energies were a 
marked contrast to the relative constancy observed for 
(111) patterns. (The use of a binding energy of 3.00eV 
resulted in comparable (111) patterns for all ion 
energies.) The lack of constancy for the pattern simu-
lations may be explained as a result of the subtraction 
of the binding energy from the perpendicular component 
of a sputtered atom's energy. An atom sputtered with 
small perpendicular energy, less than 15 eV for example, 
which suffers small change in its perpendicular velocity, 
may have the direction of its velocity considerably 
altered. The average perpendicular energy of atoms 
found in spot regions is 15-20 eV for sputtering from the 
(100) face, but it is 20-25 eV in the spot regions for (111) 
sputtering. For (111) sputtering, binding-energy varia-
tions of 1 eV will have relatively less effect on pattern 
features. A consideration of the atoms sputtered may 
clarify but not completely explain this situation. We 
shall return to this point after we consider the sputter-
ing mechanisms. 
3. The (110) Surface 
Experimental deposit patterns from (110) sputtering 
show only a large central oval area for bombardment 
energies greater than a few hundred electron volts.17 A 
unique feature of this surface is the (110) channel; no 
other (hkl) surface in a fcc crystal shows (hkl) channels. 
Simulation deposit patterns from (110) sputtering 
(Fig. 10) tend to show more of an oval outline than a 









uniformly dense central oval region. The central region 
can be made more dense by including atoms sputtered 
with less than 1 eV perpendicular energy in the prob-
ability-of-sputtering selection process. This did not 
seem justifiable for (110) pattern production since 
these small-energy atoms were excluded from (100) and 
(111) patterns. The 1 keY point plot showed indica-
tions of (100) sputs but these cannot be clearly seen in 
the deposit pattern. Their presence was substantiated 
by numerical data. 
D. Energy and Particle Distributions 
To facilitate the plotting process for the spot patterns, 
the spot-pattern plane was gridded, and the sputs were 










FIG. 11. This is the energy dis-
tribution of sputtered atoms at 1 
ke V from the (111) surface. 
occupants of each element of the grid provided direct 
confirmation of the more subjective interpretation of the 
spot patterns obtained by the photographic technique. 
The grid also allowed us to obtain energy distributions 
for the sputs in particular directions, and to identify the 
atoms which sputter into a particular spot. In this 
section we shall consider the energy distribution of the 
atoms sputtered from the various surfaces. 
The energy distributions are superpositions of the 
three surface conditions. The superposition is considered 
to most realistically simulate the condition of the 
crystal surface at various times during sputtering. There 
are strong arguments for using only the regular surface 
condition, but within the limitations imposed by the 
amount of data available, the three surface conditions 
appear to give essentially similar distributions. 
10' 
FIG. 12. This is the 5 keV 
energy distribution from the 
(111) surface. 
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100 
80 
FIG. 13.-This is the 20 keV 60 
energy distribution from the (111) 
surface. The secondary peak in the 
100 e V range occurs at all ion 
energies above 7 keV. 40 
20 
1. The (111) Surface 
Sputtered atoms were always found to be surface 
layer atoms for sputtering at 5 keY or less. The atoms 
which were sputtered most frequently appeared to 
group by energies into two categories: atoms with 
perpendicular energy greater than 3 but less than 10 eV, 
and atoms with perpendicular energy greater than 10 
eV. The higher-energy atoms were found to be equally 
distributed between the three (110) spots and the 
central spot. They were also found in the narrow sectors 
defining the streaks and at distances from the pattern 
center corresponding to the distances of the (110) spots. 
This distance was found to be 0.7 units, the distance 
measured for the spots in the patterns of SWR. The 
lower energy atoms were usually found in the central 
spot which explained its sensitivity to binding energy. 
100 
80 
FIG. 14. This is the energy 
distribution from the (100) surface 60 
under 5 keV bombardment. The 
percentage of high-energy atoms 
is larger in this orientation than 
from the (111) surface. 40 
2 
10' 10· Energy (ev) 
10' 
Energy distributions of (111) surface-sputtered 
atoms are shown in Figs. 11-13. The sputtering selection 
process considers aU atoms having E greater than 1 eV. 
Thus the P(O.50) energy, based on a binding energy of 
3.5 eV, is 2.42 eV. In addition to the low-energy 
maximum, peaks also occur at 5-8 e V for all ion energies. 
Secondary maxima appear at 16 eV for 1 keY sputtering, 
16 eV for 2 keY, and at 14 eV for 3 keY sputtering. 
Another secondary maximum may be present at 47 eV 
for 5 keY sputtering, but the number of atoms sputtered 
in the simulation is too small to make a definite state-
ment regarding maxima. Differences are usually 
measured by one, at most, two atoms. 
2. The (100) Surface 
A typical energy distribution of sputtered atoms is 














a significant maximum appears in the 5-7 eV region for 
all bombardment energies below 7 keV. 
3. The (110) Surface 
A typical energy distribution of sputtered atoms is 
shown in Fig. 15. The notable feature of (110) sputter-
ing is that the energy of sputtered atoms is generally 
higher for (110) sputtering than (100) or (111) 
sputtering. 
4. General Conclusions 
The spot regions of the deposit patterns from (100) 
and (111) sputtering always contained more high-
energy (> 10 eV) than low-energy atoms, but the 
energy distribution was almost insensitive to increases 
in the ion energy. Atoms with low ion energies were pre-
dominantly found in the central region of the pattern. 
VII. THE SPUTTERING PROCESS 
Reports of sputtering studies often include ad hoc 
formulations of mechanisms which are used to explain 
deposit patterns, sputtering ratios, and sputtered-
atom energy distributions. The distribution functions 
used Keywell1 and Harrison,2 the mechanisms postu-
lated bv Harrison and Magnuson,16 and the focuson 
mechanisms of Lehmann21 and SWR20 are all a priori 
assumptions. Here the sputtering process is discussed in 
terms of mechanisms which have been observed to sputter 
atoms in the simulation. The definition of these mecha-
nisms is an advantage peculiar to a simulation. Each 
crystal atom (and the ion) must be identified, its 
complete track can be plotted and labeled. The tracks 
of selected atoms can then be superimposed to show a 
complete set of interactions. The mechanisms which 
cause an atom to sputter are considered the prime 
observable quantity of the simulation. 
21 C. Lehmann, Nud. lnstr. Methods 38,263 (1965). 
FIG. 15. This is the energy dis-
tribution from (110) at 5 keY. 
The _ probability of high-energy 
emission is always larger from 
(110)ithan from either of the other 
two orientations. 
As an ion approaches the surface it undergoes almost 
simultaneous collisions with two surface atoms. Usually 
one surface atom acquires considerably more energy 
than the other. Almost all the sputtered atoms are 
produced by the subsequent motion of the low-energy 
target atom. Normally, the high-energy target atom 
contributes less than 10% of the sputtered atoms. We 
can understand this result if we examine the momentum 
vectors of the target atoms. The momentum of the high-
energy target is directed deep into the crystal, while the 
momentum of the low-energy target tends to be 
directed more nearly parallel to the surface. Most of 
the normal component of the momentum is dissipated 
into the crystal, often by the focuson and channeling 
mechanisms, while the parallel component initiates the 
sputtering mechanisms discussed below. When the ion 
is lighter than the target atoms its momentum can be 
reversed in the second or third layer; so it occasionally 
sputters an atom directly, but this rarely happens, 
because the atoms which it might sputter have already 
been cleared out of the way by the surface mechanisms. 
A. Mechanisms 
Four mechanisms were found. These were particularly 
evident at the lower (1-5 keV) ion energies. Three of 
these are classified as surface mechanisms since only 
surface layer atoms were found to participate in the 
sputtering event. The fourth mechanism is a deep 
mechanism in which an inward moving atoms is 
reflected and then initiates a sputtering event. This 
latter mechanism rarely occurs, so the sputtering process 
is dominated by the surface mechanisms. 
1. The (111) Surface 
Except for head-on collisions, the ion is scattered by 
the target (atom 2 in Fig. 16) with a component of 
momentum parallel to the surface and a much larger 
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perpendicular component into the crystal. The effect of 
this combination of momenta is to drive a nearest 
neighbor (n.n.), for example atom 6 in Fig. 16, into an 
apparent (112) channel formed by atoms 7, 8, and 9. 
The channel is apparent since it terminates abruptly, 
thus causing atom 6 to drive atoms 7 and 8 into the 
crystal and atom 9 outward. Because atom 6 passes 
nearly directly behind atom 9, the impulse is more 
nearly normal to the surface than parallel to it. This is 
termed a mole mechanism since one atom burrows 
between two layers parallel to the surface to sputter an 
atom in the outermost layer. Atoms sputtered by this 
mechanism are almost always a next-nearest neighbor 
(n.n.n.) to the target and located in or near the sextant 
defined by the impact area. They usually sputter with 
an energy greater than 10 eV. The target, atom 2, 
always receives the majority of energy transferred by 
the ion, but it is usually driven into the (111) trigonal 
array of atoms directly behind it. These three atoms act 
FIG. 16. This figure, used with the text description, shows how 
the various surface sputtering mechanisms operate. It shows parts 
of the first two layers of the (111) surface orientation. 
as buffers which dissipate the target's energy and 
momentum into the crystal. The target is reflected, but 
it does not retain sufficient energy to sputter a surface 
atom nor sputter itself. 
The second and third surface mechanisms occur when 
the impact parameter is less than one-third an atom 
radius. In both mechanisms a n.n., atom 6, is struck by 
the ion such that it acquires parallel and perpendicular 
momentum components which are of the same order of 
magnitude. If the perpendiCUlar component is greater, 
atom 6 scoops a n.n.n., atom 9, by passing beneath it. 
This mechanism is noticeably different from the mole 
mechanism, where atom 6 moves almost parallel to the 
surface, because here atom 6 has a large velocity com-
ponent into the crystal. As it is sputtered, atom 9 is 
strongly reflected by atoms 10 and 11 in the close packed 
line above it in Fig. 16. Atoms sputtered by the scoop 
mechanism have ejection angles nearer the normal than 
would be found in the absence of reflection in the surface 
layer. If the perpendicular momentum component of 
atom 6 is nearly the same or less than the parallel 
component, it squeezes atom 9 against its surface 
neighbors. The squeezing causes the surface plane to 
mean impulse directions 
"deep" 
for the various mechanisms 
FIG. 17. This figure shows the relative direction of the impulse 
in each sputtering mechanism. The distinctions between mecha-
nisms are not c1earcut, but the subsequent behavior of the sput-
tered atom is readily correlated to the direction of impulse. 
warp and atom 9,10, or 11 is sputtered. Atoms sputtered 
by either the scoop or squeeze mechanism usually 
sputter with less than 10 eV. Atoms sputtered by com-
binations of the three surface mechanisms are found to 
sputter with higher energies than when sputtered by a 
single mechanism (see Fig. 17). 
The fourth mechanism requires that an atom be 
reflected. The atom which is most apt to be reflected is 
the target. If the impact parameter is greater than one-
half the atom radius, the target is driven towards an 
edge of the trigonal array behind it rather than into its 
center. Atom 2 penetrates this edge if it has sufficient 
energy, but loses most of its energy during the penetra-
tion. The reflection occurs from third· layer atoms, and 
the target atom's reversed momentum is transferred to 
a second-layer atom. The second-layer atom will then 
sputter one or two surface atoms at energies upwards of 
5 eV (see Fig. 18). At lower ion energies the target atom 
can not penetrate the array edge and is reflected from 
the second layer; it mayor may not sputter a surface 
atom, but it rarely sputters itself. 
When the crystal was sputtered at 7 keY, the ion was 
found to penetrate well into the second layer. This is a 
FIG. 18. This figure illustrates the "deep" mechanism. The 
penetrating particle is usually the target atom, but occasionally 
the ion exhibits this behavior. 
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FIG. 19. This is a frequency-location diagram for the regular 
(111) surface. The marked atoms are those most frequently 
sputtered for ion impacts in the indicated triangle: X at 1 keY, + at 3 keY, ... at 5 keY, .. at 7 keY, and. at 20 keY. 
significant increase in ion penetration depth since many 
5 keY ions are found to penetrate only to the order of 
half an atom radius. The effect of deeper ion penetration 
is to cause a lateral compression of the second layer with 
accompanying warping. Second-layer atoms which are 
squeezed outward will sputter a surface atoms but are 
rarely found to sputter themselves. At the higher 
bombardment energies tested (10, 20, 40 ke V), the 
number of second-layer atoms which sputtered in-
creased nearly proportionally to the increase in ion 
energy. The sputtering process at these higher energies 
appears to be predominantly by the three surface 
mechanisms described for lower-energy sputtering. 
Mechanisms peculiar to high-energy sputtering have 
not been observed. 
The correlation of sputtering frequency and crystal 
location of sputtered atoms was found using frequency-
location diagrams. These are shown in Fig. 19 for 
regular surface sputtering. Similar diagrams have been 
made for sputtering the vacancy and stub surfaces. It 
was found that a 1 ke V ion does not cause. frequent 
sputtering of n.n.n.'s or n.n.'s in the sextant defined by 
the impact area. However, at 2 and 3 keY, n.n.n.'s are 
found to be sputtered most frequently, and at higher 
energies, both n.n.n.'s and n.n.'s are frequently 
sputtered. The threefold relationship between the 
frequency of sputtering, location of the atom with 
respect to the target, and the ion energy may be 
clarified by considering the sputtering mechanisms. 
At 1 keY and an impact parameter of about three-
fourths an atom radius, the ion is found to penetrate less 
than half an atom radius. At energies up to 5 keY the 
penetration is only slightly greater. It was found that, 
although the target is always driven into the crystal, 
the n.n. which initiates the majority of sputtering may 
not be driven far enough into the crystal to provide the 
scoop mechanism. If it is not driven inward a sufficient 
distance to scoop the n.n.n., its energy will be propagated 
in the surface along close-packed rows which originate 
at the n.n.n. This motion could be interpreted as a 
surface focuson which defocuses, by warping the surface, 
after one or two collisions. We prefer not to classify 
these events as focusons because they are very short-
range processes, but they are the only focuson-like 
mechanism which ever contributes to the sputtering process. 
Many well-defined focusons appear in the micro-
crystallite, but they are always directed into the depths 
of the crystal, away from the surface. 
At an early point in the progagation the surface will 
have warped sufficiently to cause an atom to sputter. 
The sputtering is a result of a squeeze mechanism but 
not one directly involving the n.n. As the ion energy is 
increased, the scoop and mole mechanisms are more apt 
to occur, although the squeeze mechanism is found to 
occur at all ion energies. 
A relatively constant sputtering frequency is observed 
for atoms 102 and 132 in Fig. 19, but the percentage of 
high- and low-energy sputs varies for atom 102, which 
is a n.n.n. The percentage does not vary for atom 132, 
which is neither a n.n.n. nor n.n. Atom 102 sputters 
most frequently at low ion energies by the squeeze 
mechanism, at higher ion energies by the scoop and mole 
mechanisms. These relationships have been confirmed 
by the atom track displays. They also have shown that 
atom 132 is sputtered by atom 102 through a squeeze 
mechanism alone, at low ion energies, but in conjunction 
with the mole mechanism at higher ion energies. Atoms 
87 and 101, which are not in the impact sextant but are 
sputtered frequently, are sputtered by the squeeze 
mechanism. 
Now consider examples of atoms sputtered by the 
deep mechanism. At low ion energies atom 71, the 
target, reflects at an oblique angle from second-layer 
atoms rather than penetrating the layer and enters one 
of the apparent (112) channels. Atoms 25 and/or 55 are 
then sputtered directly by the target. (Although this is 
similar to a mole mechanism, it is a distinct mechanism 
since the target must be reflected in this case but not in 
the former.) At higher ion energies the target will 
penetrate the second layer and is reflected from third-
layer atoms. It does not channel, but it causes a second-
layer atom to sputter surface atoms. Accordingly, atom 
55 is sputtered by the deep mechanism more often than 
atom 25 is sputtered by a channeled target. Atom 40, or 
70, is sputtered by a squeeze mechanism, usually in 
conjunction with the sputtering of atoms 25 and 55. 
Less than 5% of the sputtering can be attributed to the 
deep mechanism. 
COMPUTER SIMULATION OF SPUTTERING 3755 
These results for the sputtering of a regular surface 
have been found to be generally applicable to the sputter-
ing of vacancy and stub surfaces. Equal numbers of 
atoms from the three surfaces are found in the spots and 
in the streak regions. These are usually the same atoms 
from all three surface conditions. They differ only in 
energy, because the ion penetration distance indirectly 
determines the magnitude and direction of momentum 
transferred to surface atoms. The vacancy surface sees 
an ion which penetrates more deeply, which is analogous 
to an ion of greater energy. In the stub condition, the 
ion does not penetrate the surface; it transfers energy 
to the stub atom. The stub then assumes the role of an 
ion impinging obliquely on the surface with reduced 
energy. 
2. The (JOO) Surface 
The mechanisms observed to cause sputtering on this 
surface were nearly identical to the surface mechanisms 
discussed for (111) sputtering. A mechanism directly 
comparable to the deep mechanism was not observed. 
Instead, it was found that the scoop and mole mecha-
nisms are enhanced by the presence of the (110) 
channels parallel to the surface. Surface atoms which 
are driven into these channels do not have to burrow 
between the first and second layers in order to sputter 
nearby surface atoms. Additionally, it was found that 
these atoms were frequently sputtered themselves by 
reflection from second-layer atoms. The squeeze mecha-
nism was observed to be the most effective sputtering 
mechanism at 3 and 5 keY. At 1 and 7 keY ion energies, 
variations of the scoop and mole mechanisms were 
dominant. The low-high and middle ion energy depen-
dence, observed for the dominant mechanism, is 
directly related to the direction of the impulse by which 
the ion transfers energy to it n.n. 
At low ion energies, the impulse has a large component 
parallel to the surface, so the n.n. is directed into the 
edge of the square of atoms behind it. The n.n. enters 
the (110) channel without immediately sputtering a 
surface atom. When the impulse is directed deeper into 
the crystal, although the peak force is not necessarily 
greater, the target has received most of the energy 
given up by the ion, and the ion-n.n. impact parameter 
is larger. The n.n. will then scoop or squeeze a surface 
atom causing it to sputter. 
Sputtering at 3 and 5 keY was caused by the scatter-
ing of surface atoms along the surface as the ion was 
reflected from second-layer atoms. The squeeze mecha-
nism was observed to sequentially sputter atoms along a 
close-packed surface row. The occurrence of a mole 
mechanism was conspicuously rare; even at 5 keY the 
energy was clearly restricted to propagation parallel to 
the surface layer of atoms and to propagation into the 
crystal. The only definite momentum reversals observed 
were for the target atom and the ion. At higher ion 
energies (7 keY) the ion was found to penetrate into the 
second layer where it was deflected toward, but not into, 
(100) Surface 
FIG. 20. This is the frequency-location diagram for the regular 
(100) surface. The bombardment energy symbols are the same as 
those used in Fig. 19. 
a (110) channel. This caused second-layer atoms to be 
scooped up until they sputtered surface atoms. Second-
layer atoms are also squeezed by their neighbors and may 
sputter through the vacancy left by a sputtered surface 
atom. Figure 20 shows the frequency location diagram 
for the (100) surface at several bombardment energies. 
When the energy propagation is restricted to the 
surface, as it is for 1 keY sputtering, the (111) surface 
can dissipate energy through four atoms in the forward 
momentum hemisphere. The (100) has only three atoms 
comparably located to dissipate the energy. Track 
displays have shown that for 1 keY sputtering, atoms 
26,116, and 132 (see Fig. 20) are sputtered by a combi-
nation of mole and squeeze mechanisms. The mole is pre-
dominant in sputtering the atoms nearest the target; 
the squeeze mechanism dominates for surface atoms 
which are located further from the target. Atom 26 
sputters less frequently than atom 116 since it is on the 
opposite side of the crystal with respect to the impact 
area. Both these atoms are found in (211) spots, but 
atom 116 is also found in (110) regions of the pattern. 
Atom 132, found in (211) spots and the (100) spot, is 
sputtered only by the squeeze mechanism. When the 
bombardment energy is 3 keY, the deposit pattern has 
its expected characteristics. Correlation of high atom 
density regions with frequency-location data showed 
that the (110) spots are the result of sputtering of 
n.n.n.'s. Concurrently, the hypocycloid outline was 
found to be formed by: (1) the sputtering of the same 
atoms which formed (211) spots at 1 keY, and (2) the 
sputtering of the n.n.n.'s in the surface. These atoms 
were not densely deposited in the (211) regions but 
formed diffuse ellipses whose semiminor axes were along 
quadrant bisectors. The appearance of well-defined 
(110) spots at 3 keY is strongly suggested by the 
frequency-location diagram (Fig. 20). Atoms 70 and 
72 were observed to be sputtered with about the same 
frequency as atoms 55, 56, and 86. Since atoms 70 and 
72 are along a (100) axis, one might expect that they 
would be found in (110) spots, and this has been 
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observed. Atoms 55 and S6 are in positions relative to 
the target such that they would sputter within adjacent 
45 deg sectors in quadrants II and III. These atoms are 
found in the hypocycloid outline. 
The absence of the hypocycloid as 1 keY and its 
presence at 3,5, and 7 keY is the result of increased n.n. 
sputtering as the ion energy increases. At 1 keY ion 
energy, n.n.'s are never sputtered. Atom 86, the n.n. in 
the quadrant containing the impact area, exhibits this 
increasing sputtering frequency with energy. Atoms 26, 
116, and 132 show a generally decreasing frequency of 
sputtering with high ion energy. This is consistent with 
the loss of (211) spots at higher ion energies. 
The track patterns observed for 5 and 7 keY (100) 
sputtering showed that atoms ejected by a squeeze 
mechanism are often ejected in directions opposite to 
those one would expect solely on the basis of the 
location of the atom with respect to the impact point. 
These occurrences were caused by two factors: (1) The 
atom was squeezed against its neighbor and reflected 
outward, with its parallel component of momentum 
reversed, rather than ejected outward. (2) Sputtering 
by near simultaneous squeeze and mole mechanisms 
results in an ejection direction which is determined by 
the impulse delivered by the channelled atom of the mole 
mechanism. 
3. The (110) Surface 
The sputtering mechanisms which occur for 1, 3, S, 
and 7 keY ion energies are interrelated with the 
presence of (110) channels. The mechanisms are 
identical in concept to those previously discussed for 
(111) and (100) sputtering. However, in two respects, 
sputtering of the (110) surface differs significantly from 
the sputtering of (100) and (111) surfaces: (1) The 
target atom number 72 (see Fig. 21) was the atom 
sputtered most frequently at all ion energies. (2) The 
sputtered atoms with high energies were generally those' 
in the close-packed row containing the target atom, but 
with the target atom located at the center of the row 
rather than at the origin of the row. These are 
wholly consistent with expected results when one 
considers the sputtering mechanisms with respect to 
this particular surface. 
The frequent sputtering of the target is made possible 
by the nature of the squeeze mechanism, but the 
mechanism does not itself cause the sputtering. When 
the target is driven into the crystal it squeezes the n.n. 
(in its row) and ejects it. Once the n.n. position is 
vacant, the target will travel through a large, potential-
free area before striking a second-layer atom. The target 
strikes this second-layer atom and is free to reflect out-
ward without finding a surface atom directly in its 
path. The target then transfers most of its parallel 
momentum to a n.n.n. in the row. The parallel impulse 
is then propagated down the surface row. Warping of 
this one row causes additional atoms to sputter. This 
sputtering sequence is also observed as a result of the 
ion striking the n.n. which is in the quadrant defined by 
the impact area. A rather surprising continuation of this 
sputtering mechanism occurs in atom rows located both 
above and below the horizontal row containing the 
target. Second-layer atoms which receive energy from 
the target or ion are driven into (111) apparent 
channel!!. They pass behind another second-layer atom, 
causing it to be ejected outward and strike two adjacent 
surface atoms. Sputtering is, again, initiated in a surface 
row. Figure 21 is a frequency-location diagram for this 
orientation. Second-layer atoms are sputtered more 
frequently as the ion energy is increased. 
B. Summary of Mechanisms 
In the preceding section we distinguished two general 
categories of mechanisms, surface and deep, and three 
recognizable subsets of the surface mechanism which 
are determined by the direction of the impulse vector 
and its impact point on the sputtered atom. If the 
impUlse is roughly parallel to the surface we see the mole 
mechanism when the impact point is low on the 
sputtered atom, and the squeeze mechanism when it is 
near the center of the atom. When the impulse is 
directed into the surface we find the scoop mechanism 
(see Fig. 17). The squeeze could be described as a 
short-range defocusing focuson. These mechanisms are 
independent of the original ion energy. Furthermore, 
they are insensitive to the choice of interatomic 
potential function. 
Parts of this report are based upon inference, apparent 
similarities, and possibly coincidence, but we see no 
reason to presume that our failure to simulate a 
focuson-induced sputtering event is an accident of 
numerology. Momentum focusing occurred in all three 
(110) Surface 
FIG. 21. This is the frequency-location diagram for the regular (110) 
surface. The same bombardment energy symbols are used. 
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orientations studied, but only into the crystal, or 
parallel to its surface. This was particularly evident 
from atom track displays of (111) surface sputtering. 
If an atom underwent momentum reversal, it was 
always by reflection from atoms located no deeper in the 
crystal than the third layer. Even for 7 keY ion energies, 
crystal atoms located deep in the crystal were always 
driven inward. A surprisingly large number of atoms 
with large energies were found to move between second 
and third layers with their motion nearly parallel to the 
surface and with a small, inward-directed momentum 
component. Their energy was delivered to atoms still at 
lattice sites, and thus dissipated through the crystal. 
These atoms rarely acquired more than 20 eV through 
this planar channeling process, and their motion was 
restricted since they were surrounded by other atoms. 
The target atom in the (100) and the (110) surfaces, 
when struck at near-zero impact parameter by the ion, 
always transmitted the majority of its 'energy billiard-
ball fashion inward, perpendicular to the surface. Atoms 
to which this energy was transferred escaped through 
the back face of the crystal. If the impact parameter is 
not exactly zero, part of the focused momentum 
diverged into numerous low-energy cascades, but the 
cascades are always directed into the interior of the 
crystal. We conclude that there is no direct casual relation-
ship between focusons and the formation of sputtering-
deposit spot patterns. 
The unique arrangment of atoms in the first layer 
controls the ejection directions for all atoms from all 
surfaces. Unless atoms are ejected nearly normal to the 
surface, they are always influenced by their neighbors. 
Atoms whose ejection starts at angles near 45 deg to the 
normal reflect from their neighbors, and often are 
deflected into trajectories nearly normal to the surface. 
This effect was most pronounced for (111) sputtering 
since the six n.n. atoms act as a lens, but it was also 
seen for (110) sputtering in which a reflector is formed 
by second-layer atoms. The (100) surface also showed 
a strong reflector effect. Sputtered atoms, originally 
adjacent in the (100) surface, were often ejected almost 
simultaneously. In these situations they were ejected 
nearly normal to the surface. This may be the genesis 
of dimers recently observed by Woodyard22 and Comas 
and Cooper.23 
vm. THE SPUTTERING RATIO 
By actual test, the conclusions of the preceding 
sections are relatively independent of the interatomic 
potential functions, aJ¥l are not strong functions of the 
binding energy so long as it is assumed to be approxi-
mately equal to the heat of sublimation. In these areas 
the simulation process has been quite fruitful. 
In this section we turn our attention to a much more 
demanding test of the validity of our simulations, the 
sputtering ratio. Here the agreement with experiment is 
22 J. H. Woodyard (private communication). 
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FIG. 22. These are the sputtering ratio data for the regular (111) 
surface at various binding energies. The broken lines indicate the 
increase in sputtering ratio at each binding energy if the simulated 
ratio were increased by 2 atoms/ion. This increase is discussed in 
the text. All sputtering ratio points are uncertain by approximately 
20%. 
less satisfactory, and each orientation seems to have its 
own special difficulties. 
A. The (111) Surface 
The (111) surface has been examined in greatest 
detail because here the agreement is least satisfactory. 
In the energy range below 10 keY there are two general 
sources of difficulty. 
(1) Below 2 keY the simulated sputtering ratios are 
much too small when compared to the data of Magnuson 
and Carlston4 unless an unrealistically low binding 
energy is assumed. This is at least partially a failure in 
the simulation of the surface-binding process. There is 
also some evidence that the (111) microcrystallite may 
not have been large enough to completely contain the 
sputtering events. Preliminary test calculations indi-
cated that the simulated sputtering ratio may be as 
much as 2 atoms/ion low for this reason. Even this 
correction would not be enough to bring the simulation 
up to the experimental values; so some other effect also 
has been omitted. 
(2) Above 7 keY the simulated (111) sputtering ratio 
curves also do not have the correct shape. The experi-
mental curves show a broad maximum with a definite 
downturn above 7 keY. The simulated curves continue 
to rise in this region and do not turn down until well 
above 10 keY. We are tempted to blame this failure 
upon the potential function, but tests indicate that 
mona tonically increasing functions of the Born-Mayer 
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FIG. 23. These are the sputtering ratios from the vacancy condition 
(111) surface at various binding energies. 
or Thomas-Fermi type never exhibit the correct shape 
in this energy range unless the A parameter is given a 
totally unrealistic value. 
we lack any real information about the sur-
face condition, the results for each surface condition are 
presented separately. Because the emission process is 
quantized and because we deal with very small samples, 
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FIG. 24. These are the sputtering ratios from the stub condition 
(111) surface at various binding energies. The dip is within the 
limits of statistical uncertainty, so it may not be present. 
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FIG. 25. These are the sputtering ratios for the regular condition 
(100) surface at various binding energies. 
it is quite possible that the points on these curves have 
a 20% uncertainty. For (111) sputtering the regular 
and vacancy conditions have roughly the correct shape 
below 7 keY, but the sputtering ratios are 2-3 atoms/ion 
too low for reasonable binding energies (see Fig. 22 and 
23). The sputtering ratio from the stub condition is 
quite unrealistic tsee Fig. 24). 
B. The (100) Surface 
For this surface the maximum of the experimental 
sputtering ratio curve lies near 4 keV.4 The simulations 
indicate a maximum near 6 keVon the regular and 
vacancy surfaces, but the sputtering ratio appears to be 
too large, and the agreement between curve shapes is 
poor (see Fig. 25). 
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FIG. 26. These are the sputtering ratios for the regular condition 
(110) surface at various binding energies. 
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C. The (110) 
Here the simulated sputtering ratio is much higher 
than the experimental values (see Fig. 26). The maxi-
mum falls at a bombardment energy approximately 
double the experimental maximum. 
D. General Comments 
This series of runs indicate that the A parameter used 
in this simulation is too large. If we write &=eA , Eo 
determines the energy scale of the entire simulation. An 
Eo value of half the value used here would correct the 
locations of all the maxima of the sputtering ratio 
curves into much better agreement with the experi-
mental values, but would significantly reduce the 
sputtering ratio. 
The magnitudes do not correct so simply because any 
attempt to bring the (110) sputtering ratios into agree-
ment with experiment inevitably seems to reduce the 
(111) curve to even more unrealistic values. 
We must emphasize that the deviations reported here 
never differ from the experimental values by more than a 
factor of two; so this particular deficiency in the simu-
lation model should not be allowed to negate the 
conclusions reached in the other sections of this paper. 
IX. SPUTTERING WITH A SOFT POTENTIAL 
Because the preceding investigations were performed 
with an exceptionally hard potential function, we also 
performed a series of simulations with a soft 
potential function, the Gibson II parameters applred to 
the Ar+-Cu interaction. Sputtering ratios produced by 
this function are roughly a factor of two too low in the 
1-10 keV region and fall off very rapidly above 10 keV, 
which does not agree with the experimental results of 
Sanders and Onderdelinden24 above 10 keV. Thus, we 
may presume that the potential functions considered 
bracket the true behavior in the 1-40 keV energy 
range. At higher energies we were able to define an 
impact region of the (110) surface which does not 
produce sputtering. This region comprises ",,46% of the 
representative area at 10 keV and 70% at 20 keV .. It 
roughly coincides with the region where channelIng 
of the ion occurs. At there high ion energies there is a 
range of impact parameters, 0:S;p:S;0.30 LV, whe:e the 
Gibson II potential does not apply. We have chantably 
assumed that all impact parameters in this range 
produce some sputtering. The microcrystallite for 
these studies was 20 LV thick. 
The (110) representative area, when bombarded by 
high energy ions, can be divided into three regions: 
(1) the actual channel, (2) a narrow range of impact 
parameters on the boundary of the channel, and (3) the 
24 J. B. Sanders and D. P'o.ceedings of the VIIth 
International Congress on P henomean 1n Iomzed Gases (Beograd, 
1966), Vol. I, p. 149. 
remainder of the representative area. Ions which enter 
region 1 are channeled and do not cause sputtering. In 
region 2 the ion produces one or more sputs and 
enters the channel. It is confined to the channel regIOn 
by the "skimming" mechanism identified in the c?m-
puter by Harrison, Leeds, and Gay.25 These 
oscillate back and forth through the channel makmg 
repeated hard collisions at of LV 
penetration. These hard collISIOns produce pnmary 
knock-ons with energies in the 10--300 eV energy range, 
but the knock-on momentum is perpendicular to the 
channel axis. These knock-ons may contribute to 
oblique incidence sputtering, but they do not influence 
the sputtering ratio at normal incidence. Their number 
may approach the number of sputs. at a impact 
point but only roughly 10% of the.Impact pomts 
the conditions for this type of motIOn. Thus, at hIgher 
energies, a 10% contribution to the sputtering ratio for 
oblique incidence from this mechanism would be a 
generous upper limit. It can <:nly operate wh.en the 
lattice is sufficiently open to the IOn that channelmg can 
occur. The sputs produced at these impact points are 
traceable to the mechanisms previously discussed, and 
normally derive from the first two atomic layers of the 
surface. Ions in region 3 do not skim, but they do 
produce sputs by the usual mechanisms. 
The representative area regions defined for the (110) 
surface also exist for the planar channel of the (100) 
surface and the description of ion motion and sputtering , . 
is almost identical. In region 2, with a 10 keY lOn, we 
have seen one atom from deep in the lattice (",,12 LV) 
acquire significant momentum toward the surface. This 
confirms the deep focuson sputtering mechanism, but 
suggests that it has a very low probability of occurrence. 
As the ion energy is increased the knock-on momentum 
vector is confined more and more closely to the x-z 
plane, that is, perpendicular to the channel direction. 
Thus, in agreement with the transparency mo?el, we 
see that, with a soft potential function, chann.eled IOns do 
not contribute significantly to the sputtermg process. 
The simulations also confirm the Lehmann and Sigmund 
calculationslO which indicate that focusons are rarely 
directed backward toward the surface. 
X. SPUTTERING BY SURFACE DYNAMICS 
In the simulation studies with the hard potential 
function on'the three primitive surfaces, only three ion 
impact points have been identified which do not initiate 
spu ttering. They are: normal incidence with zero impact 
parameter on the end of a (110) close-packed chain, 
normal incidence in the center of the trigonal lens of the 
(111) surface, and in the center of the square lens of the 
(100) surface. Impact points in the (110) channel and in 
the (100) planar channel do initiate sputtering. These 
2. D. E. Harrison, Jr., R. W. Leeds, and W. L. Gay, J. Appl. 
Phys. 36, 3154 (1965). 
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points were tested in the energy range 1-40 keY. With 
this potential function essentially every incident ion 
undergoes a collision which will initiate a sputtering 
event before it penetrates any significant distance into 
the crystal. If this were true, the focuson mechanism 
could never occur except as a supplement to the 
dominant surface dynamics mechanism. 
As the complete simulation process for a given surface 
at several energies is a major undertaking, the relation-
ship between the two possible sputtering mechanisms 
has been studied in another way. The detailed simula-
tions provide a rough rule that whenever the first 
copper atom struck by the ion acquires at least 40 eV 
of energy, one copper atom will always be sputtered. In 
the simulations, the first collision always occurs within 
one cubic lattice constant of the surface. 
The Born-Mayer type potential function and the 
40 e V energy transfer requirement can be used in 
Robinson's classical scattering tables26 to obtain a 
maximum impact parameter. An impact parameter of 
ro=ae/2V2, the full lattice radius for fcc crystals and the 
hard potential function, produces an energy transfer of 
at least 40 eV for all ion energies less than 40 keY. At 
3 keY with this impact parameter the transferred energy 
is greater than 200 eV. This choice of ro as an impact 
parameter is very conservative because the actual 
transfer at some impact points may be twice the binary 
collision value.13 
A computer program has been written which deter-
mines the probability of collision in a given (hkl) plane 
of a fcc lattice. The "blocking" or "shadowing" of 
atoms in the low-lying planes by atoms in surface 
planes is included.27 A representative area of the lattice, 
oriented parallel to an arbitrarily chosen (hkl) surface, 
is tested at 10000 points. The computer reports the 
number of collisions per plane for 10 impact parameters 
between O.lro and 1.Oro. The probability of collision 
within a given distance of the surface is then determined 
as the sum of probabilities for all planes which lie 
within that distance of the surface. For the hard 
potential the collision probability within 1.0ae is never 
less than 70%, and it rarely falls below 90% within 
2.0ae of the surface. These numbers apply to a static 
lattice; warming the lattice, that is, simulating the 
effect of thermal displacements in a finite temperature 
lattice28 can only increase the probabilities. These 
probabilities may be applied to either normal incidence 
upon the (hkl) surface or (hkl) incidence upon the (100) 
surface. With the soft potential at 10 keY the minimum 
probability for the formation of sputs is 1"'V55% in the 
(110) direction, but except for directions near (110) it 
averages between 85% and 90%. Here we assumed a 
maximum impact parameter of 0.7ro. 
26M. T. Robinson, ORNL-3493 (2963) (unpublished). 
21 D. Onderdelinden, F. W. Saris, and P. K. Rol, in Ref. 24, 
p.157. 
28 D. E. Harrison, Jr., and D. S. Greiling, J. Appl. Phys. 38, 
3200 (1967). 
The best estimate which we can make at the moment 
suggests that the sput production region (regions 2 plus 
3) should be ,...,,90% of the representative area in the 
(110) direction at 10 keY. This corresponds to a 
maximum impact parameter of 0.9ro and an average 
sput production probability, for any orientation, 
between 95% and 100%. Furthermore, this probability 
cannot change appreciably in the ion energy range from 
10--25 keY because there is little change in the (110) 
surface-sputtering ratio in this energy range.24 
Apparently, for almost any orientation, an argon ion 
with energy less than 2S keY will initiate a sputtering 
event before it penetrates 7 A into the lattice. The 
crystal is essentially closed to keY energy heavy ions, 
and deep penetration of momentum without the 
initiation of a sputtering collision is very unlikely. This 
surface-dynamics model has much in common with the 
semiempirical transparency model, suggested by Rol 
et al.a as extended by Odintsov6 and by Onderdelinden, 
Saris, and Ro1.27 The most striking difference is that the 
maximum impact parameter which will produce 
sputtering in the computer, rm= 0.9ro= 1.1 A, is more 
than double the value used in the earlier work. This 
sensitive parameter appears to be chosen rather 
arbitrarily in the transparency theories. Effectively, it is 
one of the fitting parameters of the semiempirical 
approach. In the simulation the corresponding param-
eters are in the potential function, which is assumed 
known in the transparency theory. If we take the 
position that the potential function is also unknown, 
the key parameter becomes the ratio of rm to the scaling 
length of the potential function. Our potential functions 
are still relatively uncertain, especially for the argon-
copper interaction, but it is unlikely that their B 
parameters are in error by a factor of two. 
The change in impact parameter makes one major 
change in the model. The present calculations suggest 
that the actual depth of the first collision is not very 
sensitive to the lattice orientation. The surface con-
figuration of atoms about the impact point would 
appear to be the only other orientation-sensitive param-
eter. This is confirmed by the detailed simulations of the 
primitive planes, where the mechanisms are the same 
on all orientations, but the spot pattern and sputtering 
ratio changes between surfaces can be attributed to the 
details of the surface atomic configuration around the 
impact point. 
If this analysis is correct, the transparency model is 
at least partially successful because it is orientation 
sensitive; but it ascribes the orientation sensitivity of 
sputtering to the wrong mechanism. 
We have found that a channeled soft ion produces 
no sputs except in the region 2 discussed above. Here 
the sputs come from surface-dynamics interactions, not 
from deep focusons. In the detailed studies with the hard 
potential, the reflected ion occasionally sputters an 
atom, but these events are rare. This relative unim-
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portance of the ion after the first collision is significant 
because the secondary collisions are improperly handled 
in our model. If their contribution were greater, this 
could be a large source of uncertainty. This deficiency 
of the model occurs because the nature of the argon 
"ion" changes significantly during the first collision. 
There is every reason to believe that the first collision 
is between an incoming argon atom and the copper 
surfacel4 ; that is, the ion is neutralized as it approaches 
th target. During the first collision the ion is stripped 
of one or more electrons, and it remains in a charged 
state so long as it has an appreciable velocity. Thus, 
the first collision is between a "large" neutral argon 
atom and a copper "atom"; while all subsequent col-
lisions are between a "small" argon ion and copper 
atoms. This is the reason that the screening radius 
assumed here seems unrealistically large. The argon-
copper potential is very "hard" compared to the Gibson 
II potential because argon atoms are large compared to 
copper atoms. It would be quite difficult to channel an 
argon atom, but we presume that the argon ion, after 
the first collision, channels readily. 
As stated above, we now believe that our hard poten-
tial is too hard. However from the comparative studies 
between hard and soft potentials, we feel that surface 
dynamics must be the dominant mechanism. A poten-
tial function with will lead to ion dynamics 
very similar to the hard-potential results reported here. 
The small probability of channeling in the (110) direc-
tion which this potential function would allow does 
not vitiate the essential conclusions of the analysis. 
For these reasons, we also have reservations about 
Onderdelinden's channeling model.6 Once again, we feel 
that orientation effects are being ascribed to an im-
proper mechanism because the mechanism is capable 
of introducing such effects. The channeling probability 
functionjhkl(E) is well-defined, but the efficiency factor 
Ehk! is almost a fitting parameter. The model is flexible; 
so it is effective, but the agreement is artificial. We feel 
that the initiation of sputtering is essentially complete 
before the ion's probability of channeling becomes a 
significant parameter of the system. 
We have attempted to identify a characteristic im-
pact point on each surface which would reproduce the 
experimental sputtering ratio of that surface as a func-
tion of energy. Such points apparently do not exist. An 
impact point which is a large contributor to the sputter-
ing ratio at low energies often contributes very few sputs 
at higher energies, and conversely. Sputtering occurs 
from a combination of ion energy, the impact point, and 
the atomic configuration of the surface. We have not 
been able to determine a simple functional relationship 
between these variables. 
XI. CONCLUSIONS 
We now believe that sputtering is a purely surface 
phenomenon. In copper, for ion energies less than 40 
keY, the entire process takes place within three atomic 
layers of the surface. The majority of the sputtered 
atoms come from processes which are completely con-
fined to the surface layer. There is no evidence that 
either focusons or channeled ions contribute significant-
ly to the sputtering process for ion energies less than 
4OkeV. 
